Clay wall (also called mud wall in English and tsuchikabe in Japanese) material is used in traditional Japanese buildings. Clay wall material is manufactured by fermenting a mixture of clay, sand, and rice straw. A culture-independent study based on 16s rRNA sequences revealed that Clostridiales of Firmicutes, alpha-, gamma-and delta-proteobacteria of Proteobacteria, and Acidobacterium of Acidobacteria exist in the clay wall material. Of these, we focused on Clostridium and Geobacter and their possible roles in the degradation of the cellulose component of the straw and the reduction of ferric iron in the clay during fermentation.
Clay wall produced using clay mined in Kyoto is called kyokabe, and it is one of the most well-regarded brands. 1) Unlike the manufacture of other wall materials, such as cement, brick, and plaster, the mixture is aged for days to months. During this time, the brown-colored clay becomes gray, which is a good indicator of maturation, 1) and the straw is degraded, leaving rigid parts such as vascular bundles (Odawara et al., in preparation). The clay also becomes viscous.
1) The intact straw and its fibrous debris strengthen the wall (Nakamura 1949 , 2) Simase et al. 2007, 3) Odawara et al., in preparation). The viscosity of the material increases its workability in plastering (Odawara et al., in preparation), and may improve the water-resistance of the wall by aggregating the clay particles. This maturation process, while material and architecture researchers have never considered it from a biological viewpoint, must involve fermentation. Because clay and sand are composed of minerals, the primary nutrient source in the clay wall material must be the rice straw. In this process, therefore, a useful material is manufactured from cheap minerals at low cost by fermenting waste biomass. Understanding this process might give new insights into how waste biomass can be used in the creation of useful materials.
Materials and Methods
Samples. In this study, we used nakanuri-tsuchi, the material used in the second layer of the three layers of the wall of kyokabe, 1) as our clay wall material. Wet rice straw was incubated in humid conditions for 2 d. Clay (mined in Ô kamedani, Kyoto, Japan) was mixed with roughly 20% (v/v) sand and 25% treated straw, and water was added to prevent dryness. The mixture was fermented for 3 months, from October 2006 through December 2006.
Analysis of the 16s rRNA gene. To conduct a comparative study of bacterial growth, for each sample, DNA was extracted from 1.0 g fresh weight of clay wall material using a PowerSoil DNA kit (MO BIO Laboratories, Carlsbad, CA). A region spanning almost the entire length of the bacterial 16s rRNA gene was amplified by PCR using a forward primer, 5 0 -AGTTT-GATC A/C TGGCTCA-3 0 (corresponding to position 10-26 in the 16s rRNA gene of Escherichia coli), a reverse primer, 5 0 -GGCTACCTTGTTACGA-3 0 (1510-1495), and DNA extracted from 2.5 mg of fresh weight of the clay wall material as the template. The PCR program was 30 cycles of 94 C for 30 s, 50 C for 30 s and 72 C for 1.5 min. To prepare the template for cloning of the bacterial 16s rRNA genes, DNA was extracted using an ISOIL Large for Beads kit (Nippongene, Osaka, Japan), from 5.0 g fresh weight of clay wall material that had been fermented for 3 months, and further purified using a Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). The bacterial 16s rRNA genes were y To whom correspondence should be addressed. Tel: +81-75-724-7791; Fax: +81-75-724-7762; E-mail: sakito@kit.ac.jp amplified using the forward primer (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) C for 1.5 min. The PCR products were cloned into a plasmid, and the region corresponding to about 0.1-0.6 kb of the gene was sequenced with the primer of 10-26. Of 134 clones sequenced, 12 clones, suspected to be chimeras on the basis of the Chimera Detection program (http://35.8.164.52/cgis/chimera.cgi?su=SSU), were removed from further analysis. Representative clones were selected from each cluster, and DNA sequences of the near-full length region (about 1.4 kb) were determined using the primers of bases 10-26 and 1510-1495. When the identity of particular nucleotides was ambiguous from this initial sequencing, further sequencing was carried out using primers 5
0 (803-787). Accession numbers for these DNA sequences are listed in Table 1 . A phylogenetic tree was constructed by the neighbor-joining method in the Clustal W program with the Kimura-2-parameter, which was accessed on the DDBJ homepage (http://clustalw.ddbj.
nig.ac.jp/top-e.html). A bootstrap value was calculated on 1,000 trials. The insertions/deletions were removed from the sequence data set. Unless otherwise indicated, phylogenetic affiliation was estimated by the Classifier program ver. 1.0 (http://rdp.cme.msu.edu/), with a confidence threshold of 80%. Branch points with bootstrap values of > 90 and 75-90% are marked with and respectively. Only the names of clones further analyzed and described in Table 1 Spectral analysis of clay wall material. Reflection spectra of clay wall material were obtained using an ImSpector V8 imaging spectrograph (JFE TechnoResearch, Chiba, Japan). Reference iron oxide samples were purchased from Nacalai Tesque (Kyoto, Japan). For X-ray photoelectron spectroscopy (XPS) analysis, clay particles of the clay wall material were separated from the straw and sand, and then dried in a vacuum desiccator. XPS spectra of the clay were obtained using a JPS-9010MC/SD (JEOL, Tokyo). The MgKa line (1365 eV) was used as the X-ray source. The accelerating voltage and emission current were 10 kV and 10 mA.
Results and Discussion
Firstly, using DNA extracted from 2.5 mg fresh weight of untreated clay wall material or material that had been aged for 3 months, a 1.5-kb fragment of bacterial 16s rRNA gene was amplified by PCR (Fig. 1) . Only trace amounts of the PCR product were observed in the untreated sample, but much larger amounts were detected in the aged sample, suggesting that bacteria had grown during the aging process. This result supports the idea that fermentation occurs during aging of clay wall material.
To determine what kinds of bacteria are involved in the fermentation process, we cloned and sequenced bacterial 16s rRNA genes amplified from clay wall material fermented for 3 months. Figure 2 indicates a phylogenetic tree of 122 clones, constructed based on the nucleotide sequences of a region from position 0.1-0.6 kb of the16s rRNA gene. Representative clones were selected from each cluster and near full-length DNA sequences (about 1.4 kb) of these clones were analyzed. The results are shown in Table 1 and Fig. 3 . Clostridia (55 clones), Proteobacteria (27), and Acidobacteria (9) accounted for 75% of the 122 clones. Anaerobic Clostridiales of Clostridia accounted for 46 clones. Acidobacteria clones were affiliated with acidophilic Acidobacterium (Table 1) .
Cluster A (10 clones, Fig. 2 ) was affiliated with anaerobic and iron-reducing 4-7) Geobacter (Table 1 and Fig. 3A) . Unfermented clay wall material is browncolored due to the presence of ferric oxide (Fe 2 O 3 ), the third most abundant components of clay (4-7%, wt/wt), the two major components being SiO 2 (60%) and Al 2 O 3 (20%). 8) However, when fermented, the clay wall material becomes gray (Fig. 4A) . Analysis of reflection spectra suggested that the amount of ferric oxide in the fermented sample was less than that in the unfermented clay (Fig. 4B) .
Electronic states of the clay particles isolated from fermented and unfermented clay wall materials were analyzed by X-ray photoelectron spectroscopy (XPS). In XPS spectra, ferric iron shows a binding energy peak at approximately 711 eV. 9) In ferric ferrous oxide (magnetite, Fe 3 O 4 ) , a shoulder appears on the low energy side (around 708 eV) due to the presence of ferrous iron. 9) Comparison of the XPS spectra of fermented and unfermented clay particles suggested that ferrous iron was generated by fermentation (Fig. 4C) . These results suggest that ferric oxide was reduced to ferrous ferric oxide, possibly by Geobacter.
Cluster B (20 clones, Fig. 2 ) was affiliated with Clostridium (Table 1 and Fig. 3B ). Many Clostridium species have a cellulase complex called a cellulosome outside the cell and exhibit high crystalline cellulose hydrolyzing activity. As can be seen in Fig. 3B , five of the representative clones analyzed in this study were found to be similar to Clostridium species, all of which are cellulose-degrading. [10] [11] [12] [13] [14] [15] [16] [17] [18] Perhaps Clostridium produces water-soluble saccharides and other organic compounds from the cell walls of the straw component, which can then be utilized by other bacteria.
In this study, we used nakanuri-tsuchi, the wall material used in the second layer of the three layers of kyokabe wall. The wall materials for the first and third layers are produced in a manner similar to nakanuritsuchi, but the quality of the clay, the ratio of the clay to sand and straw, or the fermentation period are different.
1) The fermentation process is therefore thought to be essentially the same for each layer. Unfortunately, from this study we are unable to suggest which microorganisms are responsible for producing the viscous material. This material might be composed of degraded hemicellulose of straw or of compounds secreted by certain microorganisms. To answer this question, it would be useful to study what kinds of other microorganisms (archea and eukaryote) and compounds exist in clay wall material.
